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Optimum  Geometrical  Ratios  in  Induction  Pumps  tot 
Liquid  totals 

*  by 

Cand.  Tech.  Sc.  H.  II.  Okhremenko 


Problem.  The  basic  problem  originating  during  the  planning  of  induction  lumps 
of  all  types,  is  the  finding  of  their  main  dimensions  and  parameters ^ieight  of  channel 
2b,  its  width  2a,  pole  graduation^  ,  slip  a  and  active  length  of  inductor  1  (fig.  l) 
To  determine  the  basic  dimensions  of  a  pump  at  given  pressured  pn  and  delivery  Q, 
requires  the  solution  of  the  problem  of  optimum  construction.  Of  most  practical  value 
is  the  finding  of  an  optimum  by  the  maximum  of  the  hydraulic  efficiency  because 


induction  pumps  have  a  relatively  low  efficiency • 

In  spite  of  the  fact  that  problems  concernlhg  optimum  construction  of  induction 
pumps  by  the  conditions  of  maximum  efficiency  have  been  examined  by  a  number  of  author, 
this  circle  of  problems  still  cannot  be  considered  as  totally  solved.  Investigated 


were  only  special  cases  of  optimum  ratios  at  oversimplified  conditions,  and  the  initial 

tlal  conditions  were  sometimes  disputable. 

And  so  in  the  experiments  by  D.A.Watt  (lit. 1-3)  optimum  ratios  were  obtained 
from  the  mjmmim  loss  condition  in  the  channel  of  the  pump.  The  losses  in  inductor 
windings  are  disregarded  ,jthese  losses  amount  to  ^0^0%  of  all  losses.  In  addition,] 
of  the  ratios  listed  in  these  reports  is  possible  only  after  selected  the  height 


of  the  channel  2b.  The  latter  to  a  large  extent  stipulates  the  magnitude  of  the  non¬ 


magnetic  gap  and  predetermines  the  characteristics  and  other  dimensions  of  the  pump. 
Finding  the  height  of  the  channel  should  be  the  subject  of  the  investigation. 

This  deficiency  is  endured  also  by  certain  other  reports  (lit.4-6).  Qie  to  the 
extreme  simplification  of  the  problem  of  L.G.Sawin  a  false  conclusion  is  made  with 


FTD- IT- 62-172 4/1+2 


1 


respect  to  the  ratio  a  which  should  he  close  to  unity  (lit.7j,  In  real  constructions 
it  equals  0.115  -  0,033. 

Optimum  slipping  corresponding  to  minimum  n.s.  at  given  pressure,  found  in  the  report 
of  I,A,fyutin  and  E.K.Yankop^4^  ^formulas  (45).  (47).  requires  preselection  of  either 

I  channel  height,  or  its  width  and  pole  graduation.  According  to  the  concept  of  the 

i 

i  authors,  the  n,s,  *  no  power  minimum  condition  corresponds  to  efficiency. 

But  this  assumption  actually  does  not  take  place. 

The  mentioned  experiments  do  to  a  known  extent  elucidate  the  problem,  but  the  for 
mules  derived  in  them  are  little  suitable  for  the  determination  of  main  dimensions 
of  the  basic  structural  variant  of  induction  pump  construction.  This  brings  up  the 
need  for  newly  examining  the  problem  concerning  optimum  geometric  ratios  in  induction 
pumps,  on  the  basis  of  maximum  efficiency  conditions. 

In  practice  of  planning  induction  pumps  is  encountered  the  need  of  creating 
structures  of  minimum  weight  and  overall  dimensions,  possesing  together  with  satis— 
factoryjoperational  indices  -  efficiency  and  power  coefficient.  It  is  therefore  im¬ 
portant  to  have  also  another  problem  -  selection  of  optimum  geometric  ratios,  assuring 
minimum/ 

^weight  of  active  materials. 

In  this  report  are  discussed  two  problems  concerning  the  selection  of  optimum 
geometric  ratios  in  induction  pumps  ijjudgirtg  by  the  maxiaum  efficiency  conditions  and 
minimum  weight  of  active  materials.  The  principal  trend  of  the  first  one  of  these 
was  mentioned  by  A.I.Vol’dekj^  •  The  solution  is  applied  to  a  plain  pump  with  bi¬ 
lateral  inductor,  but  the  results  are  also  applicable  to  cylindrical  and  spiral  pumps 


IS- 

Basic  conditions  and  assumptions.  We  will  oonsider  as  givexu  pressure  p^de  - 
fv^ery  of  pump  Q,  frequency  f ,  parameters  of  pumping  metal  -  temperature  ,  electric 
conductivity  mass  density  (p  and  kinematic  viscosity  v.  On  the  basis  of  the  proper¬ 
ties  of  the  metal  and  its  temperature,  is  selected  channel  wall  thickness  b^  and 
thickness  of  heat  Insulation  b^.  They  ere  preselected  or  considered  as  fixed} 
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mean  rata  of  flow  of  the  metal  ▼, temperature  of  induction  winding,  its  linear  eux'rent 

load  A  and  current  density  in  this  winding  J, 

induotion/ 

When  planning  ei if  pimp  of  minimum  weight  it  is  necessary  to  select  such 

values  of  magnetic  induction  in  the  yoke  B^j  and  in  the  teeth  (  and  in  the  core  in 
case  of  a  cylindrical  pump).  The  rate  of  flow  of  the  metal  should  be  taken  mn-Hmnn 
possible  by  the  conditions^  wear  resistance  of  channel  walls* 
v.'e  will  make  the  following  assumptions t 

1.  We  consider  only  the  main  forms  of  losses  -  in  liquid  metal,  inductor  wind¬ 
ings  and  channel  walls  ,  constituting  approximately  9O5J  of  all  losses.  Losses  in  steel, 
short  circuiting  busbars  and  hydraulic  losses,  which  ordinarily  do  not  exceed  N# 
of  the  total  losses,  are  disregarded. 


1-inductor t  2-windingj  3-thermoinsulation}  ^-channel;  5*copper  busbars* 

6- liquid  metal* 

2.  We  assume,  that  in  plane  pumps  there  are  shorted  side  busbars  ( fig. l) ^Con¬ 
sequently  the  low  influence  of  lateral  boundary  effect  on  the  lowering  of  pressure 
and  losses  are  considered  a  constant  coefficient* 

3.  The  longitudinal  marginal  effect  is  considered  as  empirical  coefficients* 
which  are  assumed  to  be  constant  in  the  zone  of  change  of  variable  values* 

4.  We  disregard  the  influence  of  surface  effect  on  pressure  and  losses* 

5*  The  resultant  coefficient  of  air  gap  and  its  components  ,  e.g.  coefficient 
of  serration  (Carter)  etc*  is  also  considered  as  constant  at  changes  of  nonmagnetic 
gap  2^  and  pole  graduation. 
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Since  the  above  mentioned  coefficients  are  not  strictly  constant,  then  into “the 
calculation  should  be  introduced  sane  of  their  mean  values  with  possible  subsequent 
improvement  of  sar». 

]Vdraulic  losses  in  induction  pumps  ordinarily  do  not  exoeod  2-8 %  of  all  losses. 
Figuring  of  same, is  little  reflected  on  the  final  results  ,and  it  leads  to  highly 
complex  dependences,  which  can  hardly  be  used  in  practice.  On  the  other  hand  ,seleoi_ 
ing  the  rate  of  metal  flow  to  a  known  extent  predetermines  the  magnitude  of  hydrau¬ 
lic  losses.  Consequently  they  are  not  figured  in  when  searching  for  optimum  dimensions 
of  pumps. 

Optimum  ratios  by  maximum  efficiency  conditions.  In  appendix  1  is  given  an  equation 
of  relative  losses  in  an  induction  pumpi 


{^+f<^+  '  (|) 

"c  fc(i  —  .o>t  -)• 

The  relative  losses  appear  to  be  the  function  of  two  arguments-slipping  s  and 
se...i  height  of  the  channel  b.All  remaining  coefficients  in  equation  (1)  values  of 
which  are  given,  in  appendix  1,  can  be  considered  as  constant  at  changes  in  s  and  b. 
The  optimum  values  so^  and  ,  corresponding  to  minimum  relative  losses,  can  be  found 
by  solving  the  system  of  equations*, - 1 -  - - 1 

I  (/J 

F>  (r;J  -°- 

which  in  inverted  form  can  be  presented  as  * 


K  -  .2|*v+„_,sm>+|2„  |  F- 

-i-fftK’(t-s)s’  +  2,/(ls)'+  j1’":;  '  - 

+  -  -a-A-V  -3.,-^,  +,)(1 


--AV-'t"  f-A’.vHI  —  s)‘ ]  6  — 
!(c«-i-/;,//=A's)(l  —  2s)  (1  —  s)-f- 
4~  -f-  2s)  ( 1  —  s)* )  =  0.  (3) 
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These  equations  are  valid  for  b  >  0  and  l^a^  0*  The  system  of  equations  (2), (3) 
can,  be  solved  graphically  in  the  following  manner.  Dealing  in  values  a  we  find  the 
roots  of  the  cubical  equation  (2)  and  we  plot  a  graph  bi^  *  f^(a).  The  elution  of 
equation  (3)  for  the  vary  same  a  values  will  give  a  graph  s^  *f2(b).  The  points  of 
intersection  of  these  curves  determine  optimum  slipping  values  s^  and  the  half* 
heights  of  the  channel  b  j  •* 

The  coefficients  of  equation  (2)  for  all  mentioned  8  values  retain  positive  values. 
Consequently  in  accordance  with  the  Descartes  theorem  this  equation  will  have  only 
one  positive  root.  The  function  »  f^(s)  appears  to  be  single  valued,  sufficiently 
smooth  and  limited.  Equation  (3)  at  1^»  a  _^0  may  have  a  different  number  of  sign 
changes  in  the  series  of  polynomial  ?  s»  coefficients  depending  upon  the  numerical 
values  c.gi.n.d  and  K.  Consequently  the  greph  s^  =  f2(b)  can  have  one  or  two  branches 
for  b ^0.  Practically  the  solution  is  obtained  as  single  valued,  because  ordinarily 
in  case  of  two  branches  of  curve  S|  =  f2(b)  they  are  both  at  the  point  of  intersection 
with  curve  ■  f(a)  fusing  together  into  one. 

In  fig.2  in  role  of  an  example  are  shown  graphs  and  s^  plotted  according  to 

equations  (2)  and  (3)  for  the  IN-7  pump^designed  by  the  Fhysics  Inst.^f  the  Academy 

of  Sciences  of  Latvian  SSR  for  sodium  at  400°C  and  a  pressure  of  5  kg/cm?  and  with 

a  delivery  of  2^0  aVhr  ^lO^^e  parameters  and  dimensions  of  this  pump  in  plan  were 

selected,  on  the  basis  of  requirements  to  obtain  maxinum  efficiency.  In  tho  plan  were 

selectedi  s  =  0.25.  b  *  8  mm.  When  solving  the  system  of  equations  (2)  and  (3)  were 

which/ 

used  the  very  same  basic  values  and  coefficients!  have  been  adopted  in\103  . 


From  fig.2  we  find  s-^  =0,216,  =  5*7  nm.  These  numbers  are  perfectly  suitable  to 
be  applied  in  role  of  basic  calculation  variant^The  fact  is  if  we  should  contemplate 
a  reduction  in  the  semi-height  of  the  channel  from  8  to  5*7  nm  then  this  would  lead 
to  a  slight  rise  in  hydraulic  losses  which  is  essentially  balanced  by  the  reduction 
in  losses  in  the  copper  of  the  inductors. 
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Plotting  of  curres  b^  «  f j(a)  and  s^  »f2(b) 
requires  the  solution  of  a  greater  number 
of  cubie  equations  and  is  connected  with 
considerable  time  losses*  For  every  day  pro¬ 
ject  operation  more  economical  solutions  are 
necessary.  It  appears^  that  it  is  possible 
to  point  toward  a  value  of  critical  slipping 
such*  where  s^  ~  s^»  and  then  by  one-two 
approximations  to  find  and  a^  * 


We  shall  discuss  the  coefficient  oQ  at 


Fig,2, Graphs  b,,  =  fj^(s)  and  s^  =f2(b) 
for  INr7  induction  type  pump}flesigned 
for  maici mim  efficiency  for  pumping  so*  a  higher  de&ree  of  the  unknown  in  equation 


dium.  Sjj  =  0,268}  s^  =  0.216;  =5*7 


xna 


(3)t 


r,  =  (l+s)[/CV-(l-  s)‘].  "  U0 

When  c0  tends  toward  zero  one  of  the  roots  of  equation  (3)  departs  into  infinity, 
because  this  equation  transforms  from  cubical  into  square*  It  means  that  the  steep 
sections  of  the  curve  s<^  »  f2(b),  departing  into  infinity  and  obligatorily  intersect¬ 
ing  the  graph  with  a  limited  function  bjj  ®fi,(B),will  be  situated  near  s*.,  at  which 
oq  tends  toward  zero.  Equating  expression  (4)  to  zero*  we  will  da tannine  the  values 
of  critical  slipping  and  will  take  from  them  only  this*  which  is  situated  in  the  zone 
04*  4_.I1 


I 


& 


where  K  -  dimensionless  parameter  of  pump* 


!A,oy* . 

S'om 


here  qj-  angular  frequency} -  magnetic  permeability  of  vacuum}  kj  -  resultant 
coefficient  of  nonmagnetic  gap* 

The  parameter  K  can  be  expressed  also  through  the  magnetic  Re  number  1^,  &  Tb 

and  relative  frequency  to  b2} 
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Knowing  a tha  optimum  values  b^  and  can  be  found  by  the  method  of  subse<- 
quant  approximations.  To  determine  the  first  approximation  b1  we  substitute  the  value 
•jc  in  equation  (2).  Its  positive  root  equals  b^.  We  will  rewrite  equation  ^.arrang¬ 
ing  its  members  by  degrees  si 

i  <y,  +  a1s,-f  a,s4-f  a,s*  +  a4s*4-a,s  +  a,  =  0. 

The  coefficients  of  this  equation  appear  to  functions  b.  Their  values  are  given  in 
appendix  II.  Having  substituted  b^  in  equation  (6)  and  having  solved  it  relative  to 
slipping,  we  find  the  first  approximation  aj. 

Equation  (6)  generally  has  six  roots.  A 
part  of  these  roots  appears  to  be  negati¬ 
ve,  the  others  complex.  For  us  it  is  suf. 
ficient  to  find  only  one  positive  root. 

Determination  and  improvement  of  root  s^ 


Fig.3.De termination  of  optimum  values 
and  b,,  by  four  points. 


fauxu 

is  made  considerably  eaaier,if  we  beep  in  mind,  that  is  close  to  s^  (ordinarily  s^ 
^  sjj,  and  the  Horner  table  is  used  in  combination  with  the  method  of  linear  inter¬ 
polation  By  the  value  s^  we  find  in  an  analogous  method  from  equation  (2)  the 
second  approximation  bg,  and  by  it  from  equation  (6)  82.  We  could  limit  ourselves  to 
the  second  approximation  or  continue  with  further  improvement,  but  it  is  much  simpler 
to  determine  the  values  and  a^  graphically.  To  do  this  we  draw  a  straight  line 
AC  from  point  («te»bi)  an^  (*1*^2)  cad  a  straight  line  BD  from  point(si,b2.)  and  (s2. 
bg).  Iheir  intersection  gives  a  point  (s^.  )  (fig.3).  Since  the  s/^  =»  fgCb)  curve 

on  the  interesting  us  seotion  is  always  very  steep,  and  s^  is  very  close  to  ,  the 
process  of  improving  the  values  s  and  b  converges  rapidly,  tactically  it  is  sufficient 
to  solve  equations  (2)  and  (6)  two  times  each.  Consequently  the  finding  of  and 
requires  small  time  layouts. 

It  is  evident  from  formula  (5(  that  with  the  rise  in  eleotrioal  conductivity 
and  square  of  vetooitgr  of  metal  'flow  as  well  as  with  a  reduction  in  frequency  critical 


FTD-TT-62-172 4/1+2 


7 


and  optical  slippages  decrease*  Consequently  for  light  metals  and  alloys  of  sodiuft 
type*  sodium-potassium  of  high  electrical  conductivity*  for  which  at  a  metallic 
channel  may  be  assumed  a  rate  of  flow  of  10-12  m/aecphe  value  s^  lies  within  limits 
of  0.2  -  0*35.  For  heavy  metals  with  low  electrical  conductivity  (bismuth*  lead) 
the  permissible  rate  of  flow  of  which  does  not  exceed  3-5  m/sec*  optimum  slipping 
increases  to  0.7  -  0*8. 

Determining  the  half  width  of  the  channel  and  pole  graduation  after  finding  op- 
timum  values  s  and  b  is  done  easily  cy  formulas  (1*7)  and  (1*8) preliminary  value 
of  active  pump  length  1*  is  fixed  frets  ratio  (III,3)witu  consideration  of  formulas 
(1*2)  and  (XXX*4)»  After  determining  the  hydraulic  losses  in  diffusora  tha  value  1 
is  defined  and  the  number  of  pole  pairs  is  founds 


P^T. 


CO 


The  latter  should  be  an  integral  number.That  is  why  1  and  ^  change  somewhat  to 
fulfill  this  condition. 


Optimum  ratios  by  minimum  weight  conditions  of  all  active  materials. 

In  appendix  XI  were  obtained  expressions  for  the  weight  of  active  materials  of 
an  induction  pump-copper  and  steels 


[i*(l  -*)•  +  K*(os  r.i)3)  | !>  +  *(1  -*)], 


G 


Fc  ' 


V  V  (1  —  *)*  +  ft*  ( b v  -f  n? 

s  ( I  —  s)  b 


(«) 

(*») 


In  these  expressions  can  be  considered  variable  only  s  and  b.  The  optimum  values 
3q  and  b^  correspond!  g  to  minimum  weight  of  the  active  materials ^would  be  desired 
to  find.^nvestigating  the  minimum  of  function 

G(M)  =  GCll  +  <V  ,  (C)c) 

One  such  an  approach  leads  to  highly  difficult  equations,  the  solution  of  which 
represents  insurmountable  difficulties..  It  therefore  appears  advisable  to  investigate 
each  one  of  the  functions  (8)  and  (9)  individually*  and  then  to  determine  the  optimum 


FTD-TT-62-I724/1V2 


8 


values  Sq  and  bQ  .  It  can  easily  be  seen*  that  tho  function  Cy9(s*b)  has  a  minimum 'only 
at  a  change  ia  ••  When  variating  b  from  zero  to  infinity  Gy#  decreaces  monotonously 
from  infinity  to  a  certain  constant  value* 


We  will  find  at  first  the  values  of  slipping*  at  which  a  minimum  of  copper  and 


steel  weight  takes  place.  Thking  the  s  derivative  from  expression  (8)  and  equating 


it  to  zero*  we  will  obtain  an  equation 


(1  +  .v)[A'V-  (1 

’  +  |4/iA'V+ &*»(!-  s)s‘-2d(14-s)(l  -~s)*~ 

-8*0  +*,)(]  -  6*-f-I2g1«/C*(l  —  s)s*  — 

~  n'K*  ( 1  -  3s)  —  d*(\  -(-  A')(i  - s)'- 
-  2/?j(/(l  -f-2s)(l  —  s)']6  — 

(l-2»)(l~«)-f. 

_  +  £+’(!  +2s)(l  —  s)‘J=,0. 


Executing  such  an  operation  over  dependence  (9)»  we  obtains 


(1  +s)[AV  —  (l-*)«]6»~[«(i  -3s)  + 

+  2d(l  -  a)4]A  — [//JA*(1  -2s>+ d*(\  -5V]~q, 


Taking  up  the  values  s  within  limits  of  from  0  to  1  and  solving  equations  (10) 
and  (11)  relative  to  b,  it  is  possible  to  obtain  slippage  curves  s^  =»  y2(b)  and  Spe 
•  <^2(b)  corresponding  to  minimum  weights  of  copper  and  steel.  Each  one  of  the  s^  and 
Sy8  curves  has  asymptotes,  corresponding  to  slippings  s'  and  s*.  The  first  one  of  these 
can  be  found  by  approximation,assuming  that  the  coefficient  at  b^  in  equation  (10)  is 
equal  to  zero.  Since  this  coefficient  is  identical  with  the  corresponding  coefficient 
of  equation  (3),  then  s'  is  equal  to  Sjj  and  is  determined  by  formula  (5).  An  accurate 
slip  value  s*  is  found  frcm  equation 


KV-(I-s)‘  =  0.  (JX) 

It  can  be  noticed  with  ease,  that  s*  exceeds  somewhat  s’.  Consequently  when  solving 
equation  (12)  it  is  advisable  to  use  the  Horner  table  and  the  method  of  linear  interpola. 
tions,  remembering, that  it  is  sufficient  for  us  to  find  only  one  positive  root*  close 
to  s'.  It  can  be  ascertained*  that  s0  lies  within  narrow  limits* 


(13) 
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Frees  inequality  (13)  in  possible  to  change  over  to  the  following  lees  accurate 


formula 


(HO 


which  is  suitable  by  the  fact  that  the  values  s*  and  s^  can  easily  be  determined  by 
expressions  (5)  and  (I2)^e  like  to  point  out^that  the  boundaries  of  inequality  (14) 
are  practically  sufficiently  narrow.  In  practic^Ts  practically  everywheres  necessary 
to  abandon  ag,  in  order  to  obtain  satisfactory  efficiency.  Consequently  it  can  be 
assumed,  that  not  an  entirely  strict  inequality  (14)  appears  to  be  perfectly  applicable 
At  selected  electromagnetic  loads  and  rate  of  flow  of  the  metal  the  stepping  away 
from  sq  toward  sk  loads  to  a  reduction  in  the  weight  of  the  copper ^rise  in  weight  of 
steel  and  a  rise  in  efficiency,  and  the  shift  in  direction  S*  involves  opposite  re¬ 
sults. 


Optimum  in  weight  slipping  Sq  is  always  greater  than  .  From  formula  (5)  and 
equation  (12)  i3  evident,  that  8g,  as  wall  as  s^  ,  is  determined  mainly  by  the  para¬ 
meter  K.  It  depends  little  upon  the  pressure  and  delivery  of  the  pump,  and  upon  the 
electromagnetic  loads  as  well* 

After  selecting  slipping  ag  optimum  half  height  of  the  channel  bG  it  is  advis. 
able  to  determine  by  direct  plotting  of  graphs  G^b),  Gya  (b)  and  G(b)  by  formulas 
(8)  and  (9),  Such  a  method  is  less  cumbersome,  than  the  search  for  b^  by  analytically 
investigating  the  minimum  of  function  G(b),  A  study  of  the  minimum  dependence  Ggu(b) 
offers  very  small  values  b  having  no  practical  value,  and  the  function  Gye(b)  has  no 
minimum  i^ince  the  value  bg  should  be  selected  with  consideration  of  efficiency  then 
it  can  also  be  found  by  the  maximum  efficiency  conditions  ,  because  these  values  are 
very  close.  An  analysis  of  the  problem  shows^hat  the  optimum  conditions  for  maximum 
efficiency  and  minlnum  weight  require  the  selection  of  a  channel  width  ratio  to  its 
height  in  the  interval  from  20  to  lf.0. 

Appendix  1.  Derivation  of  Equation  of  Relative  Losses,  fressure  developed  by 
the  pump,  equals* 
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n"  '2(1  ~A/’* 


(1.0 


where  ^  -  amplitude  value  of  induction  in  the  center  of  the  liquid  metal  zone) 

kM,k0  -  coefficient  of  pressure  reduction  on  account  of  lateral  and  longitu¬ 
dinal  boundary  effects^9,12(  l^TJ  |  # 

A  -  hydraulic  losses  along  active  length  of  pump  and  in  diffusora. 

Hydraulic  losses  along  the  active  length  of  pump  A  p^  at  turbulent  flow,  as 
we  as  for  smooth  pipes,  are  determined  approximately  in  the  zone  of  Reynolds  numbers 
3.1^4  Re  A.  10^  by  the  Darsy-Veisbach  formula  with  consideration  of  the  empirical 
Blasius  lew i 


i/>,  ---  2,8-  i(l-»v">5V  '  b~‘ 


0-1) 


Power  losses  in  liquid  metal  P  and  in  the  walls  of  the  channel  are  expressed 


aat 


(1  —  SI’ 


u 


*  -  (1  -  s)» 


(J'O 


where  k’Q  -  coefficient,  considering  losses  from  fields,  due  to  longitudinal  marginal 
effect |93* 

The  phase  current  in  the  inductor  windings  can  be  presented  by  the  dependence 


B'Jtl 

l  _=  — - V 

V2 X 


where  n  »  Qf„  i  ; 

<  K 


(  »  <(' 

kj  =  k}  k])  k^  -  resultant  coefficient  of  gap;  kQ  •coefficient  of 


serration  (Carter);  k^  -  coefficient  considering  the  rise  in  n,s,=no  power  due  to  the 
fact  that  the  field  with  respect  to  the  greater  gap  2  A  does  not  appear  to  be  plane 
parallel (12] ;  k^  -  coefficient  of  rise  in  n*s,  as  results  of  longitudinal  boundary 
effect;  -  coefficient ^determining  the  degree  of  field  weakening  in  the  center  of 
the  gap  in  comparison  with  the  field  on  the  surface  of  the  inductor  ^12j • 

mjWjky -number  of  phases,  number  of  in  series  connectei^rurns  in  the  phase  and 
the  winding  coefficient  of  inductor  winding. 
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Expression  (4,5)  is  attained  if  the  magnetizing  current  component  Z  is  expressed 
by  n,s,(  and  the  active  one  -  through  power  losses, determinable  by  formulas  (l«3) 
and  (1,4)  a^d  EMF  of  the  inductor. 

Active  resistance  of  inductor  phase  is  determined  by  formula 

_  +  (U) 

~  u 

where  cM  -  conductivity  of  winding  copper  at  given  temperature}  *»  "Urr  -  ratio  of 
length  of  frontal  part  of  semieoil  to  pole  graduation}  -  1,04  -  j.,15  -  ratio  of 
structural  width  to  the  width  of  tho  channel;  kpp,!^  "  coefficients  of  current  ex¬ 
pulsion  in  the  slotted  and  frontal  sections  of  the  winding. 

For  a  double  layer  winding  =  1,5  -  1,7, 

Ve  will  substitute  in  equation  (1,6)  instead  of  a  and  their  values i 


After  transformation  wa  will  obtain t 

2*i h, h  +  sA I—*) 
r  ~  t(i—  ,) 


where  tQ 

K>  ’  M,,  ef 


(l.«) 

(H) 

0-V) 


Tower  losses  in  inductor  windings  are  determined  by  the  expression 

-  {1-1°) 


Ps,  m.7*. 


P  rl\~. 


( }.I0* -) 


Using  dependences  (l,l),  (1,3),  (1*4)  and  (1.10)  for  finding  the  relative  elec, 
trical  losspsi 

J.Y 

~  KQ 

Disregarding  the  hydraulic  losses,  after  transformation  we  will  obtain  an  equation 
of  relative  electric  lossas  in  an  induction  pumps 

p,  V»n_jr+t(r=7il  + 


where 


J  +<.’,(!  -«<)  [a1  i i_-  -ha~»;>«  +  iiy] ( 

'  f _ “  /  ' 
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Appendix  Il.Coofficients  of  equation  (6) 


a,  =  a,  —  {*x,  y  b)  i‘;  a.  ~  A)  A*: 

— 12 6) a*  +  (.■  -r '2gt«k*t lj  +  -  *# **1; 

a,  -  (r  -r  X,’ iK’)  b  y  K2  {.b  +  u,  +  ■*•■<)  j*  — 

—  2(i-i  +  i',.»*A'*)  — 2W»; 
a,  3  +  fc;  i-  -f  (.«  4-  *,»’/{*)  +  /i‘A*Aj; 

3l=  - -3~:  A  =•  b  +  J\  i  - bK  +  A. 


o.ntj 


Appendix  III.  Derivation  of  formulae  for  the  weight  of  active  materials.  We 
will  express  the  weight  of  active  pump  materials  in  the  function  of  s  and  b,  The 
weight  of  winding  copper  of  two  inductors  equals 

where  -  profile  of  winding  copper  of  one  -phase;  ganma^  -  specific  weight  of  cop¬ 


per. 


Using  fornulaa  (1,7)  and  (l.8)  and  expression 


,  =* 

i  --«•-/ 


after  transformations  we  will  obtain 


where 


-^To.«.<  ^  x.  i 


Vi 


b  I  —  .%/ 


i'l  • 


(|IU<0 

it  11.1) 
(m.i«0 


The  active  length  of  the  Inductor  will  be  found  from  expression  (I.l)  considering 


approximately  the  hydraulic  pressure  losses  as  constant! 


/=  - 


2*o  (!  —*)</>„  4-  bp) 


/i;,.j;'s'roc 


(111.9) 


Maximum  induction  value  is  obtained  from  formula  (1.5)  with  consideration  of 
expression  for  lineer  lead! 

—  s)a 


V~fk,K  V  AV(I  —  y  s2(bs  4-  n/J 


{III.  f) 
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Substituting  expressions  (111*3)  an<i  (IIX*4)  ia  fornula  (XXX.2),  we  obtain  a  final 
expression  for  the  weight  of  winding  copper* 

%~c. -1^- *  . .  un.5; 

where 


ilr.  i- 


Weight  of  yokes  of  two  inductors  equals* 


0, 


(111.5a.) 


where  -  coefficient  of  filling  the  package  with  steel)  rfffl  -  specific  weight  of 
steel;  hj  -  height  of  inductor  yoke*  Height  of  inductor  yoke* 


hi  /n*— *)’ 


«„,*A  a 


IE'/ 


Here  B^q  and  Bfflj  -  amplitude  values  of  induction  on  the  surface  and  in  the  in¬ 
ductor  yoke. 

The  weight  of  the  serrations  of  two  inductors  is  determined  by  the  dependence 


0,  -  *  V  Vf FC  Tf,- 


^111.2) 


where  hD  -  height  of  slot)  b_-  width  of  tooth;  t^  -  tooth  pitch* 


The  height  of  the  slot  hp  can  be  expressed  . 

hn 


through  pole  gradu talon  and  the 


coef f ic Tent r  *■  r  »  which  can  be  acceptea  as  approximately  constant,  and  the  width 


of  the  tooth  b_  equals* 


b.  r= 


'An  1  A, nknki 


fFc  ^ii 


YfA  r. 


Qiw) 


where  B  -  maximum  value  of  induction  in  the  tooth, 

XQZ 

Taking  into  consideration  expressions(lIl*6)  -  (III-9)  the  weight  of  inductor 
steel  can  be  presented  sot 

"U-v,  O"^) 


CFf  -■  G/  +  G;  «(T~s) b 
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Substituting  in  this  formula  the  expression*  (III.3)  end  (III. k)  we  will  finally  ‘ 
find 


„  •/  A'  0  —  A)*  4-  A'*  +  /!,* 

GF'~C*  V 


s  (I  —  s)b 


where 


r  2>/- WX"  Q  (/>„  +  A/>)  TFe 

_ xbir+~£rl 


(iiijo; 


[111.10*.) 


Appendix  IV.  Example  1.  W«  will  determine  the  optimum  values  b  and  s^  by  the 
efficiency  maximum  for  a  UIN-1  type  pump,  designed  by  the  Institute  of  ffcysica  of  the 
Academy  of  Sciences  Latvian  SSR  fo  bismuth  at  i;00°cjl4j.  The  given  values^  »  5.05. 
105  n/a?t  ^  «*  2.08.10  ^  m^/aec,  f  *  50  c,$'*  0.745*10^  1  °h®  .m.  Selected  valuesi 
b^=2»I0"^  m,  i  k  a  10^  1/chm.m,  b^O,  v  *  3.38  m/sec,  J=3»96*10^  a/m2,  d^j  pfM  *.  22.3 
1/ohm.m  (at  400°C)l  A»  7»45«lo^  a/a. 

We  will  take  the  Values  of  coefficients  ,  which  have  been  accepted  in  the  given 
construction!  k^  *1,2}  k^.  =  1,01;  k^'  *  1.0}  k£  *  1.2»l,ol*l,0  =  1,21;  =  1.01; 

ko'=  l«15l  k0  *  1*1*  koc*  °*93L>  K  3  °»966»  kl  *  l«Sl  *2  =  1.1»  3  1.1.  kgl  »  1,0. 

We  calculate  the  dimensionless  parameter  of  the  pump  and  oritical  slip 


0.9M.15  4n  !0->.0,745-10*.3,38» 

A^"  1,01  F^FST? - =>2,91  - 10~»; 


2  +  K  -  /(2  +  A)*  -  4 

=  -  j - 

2,0291  —  ^2,0291*  —  4 
“ - a- - “0,8435. 


H 


The  coefficients  included  in  equations  (2)  and  (6) a 


*i 


5,uk  I0*-2- 10  - 1 

5  —  0,745.  lli*- 

=  2.118,*..  Ill- 

,:ikr.  l  IQ 

1.1-1, 1 

k,k'/f 

1,5-1 ,0_  X 

o0.2,o«.:o-j 

X  3,3s*  ~  "  7- 

37-  10 --  m. 

,J  ,1 

c  -•»  U,K’ 

_  M  _ 

W=‘„, 

2./ 

m; 


/ 0  o 


2l.:i7  IO-.2.0|».|0  *, _ '^W’-2W-7,45.I0<  __ 

9,9.  Uu- 1,1  •  1,1  ._>•  11,745. 10*. 3,90- 10. 
-  1,324- 10- •  m'. 
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Substituting  the  values  of  these  coefficients  and  s^  in  equation  (2)^0  obtain  an  ‘ 
equation  for  the  first  approximation  b^i 


from  which  we  find  b^=5,l8 


substitution  of  this  value  in  equation  (6)  gives s 


—  -J.fvUr  ;  *,5’*,  - 5,7l.v|  -  .  (  1  r\  \ 

—  2,5im,  —  0,855  u  1/  • 

The  use  of  the  Horner  scheme  and  linear  interpolation  allows  to  find  a  positive 
root  of  this  equation,  close  to  s^*  It  equals  s^  =  0,758,  In  ananalogous  manner  we 
find  by  s^  the  value  bg  3  4*0  mm,  and  by  t>2  tho  value  82  =  0,753*  The  plotting,  made 
by  fig,3  givesi  n^=  3,92  mm,  8/^0,752.  The  found  results  are  close  to  the  ones  accepted 
in  the  project  1  b  *  3*0  mm»  ®  *  0*755* 

Example  2.  We  will  determine  the  optimum  values  SQ  and  b(j  applicable  to  pump  IN-7 
designed  by  the  Institute  of  Fhysics  of  the  Academy  of  Sciences  Latvian  SSR  per  mini 
mum  weight  for  sodium  at  400°cjl0,  IjQ*  Given  values t  Pq  *  4*9L*1g5  n/m?,  Q,  3  6,95* 

10~2  m3 /sec,  f  3  5®o»<5‘“  4*95*1°^  1/obm.m,  Selected  values  1  b^  3  1,10"^  m, 6K  3 10^ 
1/ohm.m,  b^30,  v  3  11,25  m/sec  1  J  3  7.24*10^  a/m?,  Bmj  *  0,72  v.aec/n?,  B^3  1,21  v.sec/ 
a?,  A  3  18,64  *  a/m. 

W*  will  take  the  value  of  the  coefficients,  accepted  in  the  given  projects 


M) 


~  1,13;  .</  1,01;  kj'  m.  1,17; 

A-.  =  1,13.  ',01 . 1  17.-  1,33c; —1,020:  *#  =•  1,?; 

«o  “  >>3;  krjC  ^  0,034;  -  0,034;  k,  ^  1 ,73; 

hr 

1,04;  X=-  —  =--0,267. 

We  are  assuming  that  3  0,ll6pa{  then  pQ  vAp  3  5*47  x  lo5  n/n?. 

We  calculate  the  dimensionless  parameter  of  the  pump  and  sliding  s'aa^  1 


*oc*Q  yut«a»  0,83-1 -1,3 

^  *n  ,'ijU  l,(<20  ^ 


4r.  10  ’.4  93-  1C*- 1 1 ,25* 

X  1,335-3: 4  -1.98; 


s’  —  s„  = 


/’  +  2  —  i'[K  -J- 2)J-  4  = 


10 


t) 


■  3  93  —  Vl. 5. 84  —V 
=  — - - *0,270. 


Slipping  a*  is  determined  from  equation  (12)  at  K  3  1,98* 
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•»*  +  »  0. 


1 

1 

1 

ns 

Mg 

0.1 


H2  0.3  0.1  OJ,  j 


Fig.4,Graphs  (b)  and  ay#  ■ 

>5.  (b)  and  their  asymptotes  for  IN-7 


designed  for  minimum  weight  for  pumping 
sodium. 


tacy 

We  compare)  this  the  equat  ioaa  of  Horner 
table  )li]  and  search  for  a^. 


i  1 

j  -7,02 

|  0.00 

j  -4.00  ■ 

!  ,00 

0,354 

!  0,354 

j  — 2,68  1 

;  1,175 

—  1,00 

_ 1 

1 

-7,503 

3.32 

-2,825  ; 

0 

half-height  of  the  channel  for  IK-7  pomp 
at  sG  »  0.3,  bc  »  4,3 


It  can  be  assumed,  that  a"  *  0.354  appears 


the  solved  equat ion. Another  one  of  its  post 
tive  roots  equals  a*  =7,16  and  has  no  practi¬ 
cal  value  as  the  third  and  fourth  roots,  which  appear  to.be  complex. 

The  optimum  slipping  value  lies  in  the  zone  (flg.4) 

- -- -,,,<0.^.  {,0} ) 


We  assume  that  Sq  a  0,3,  In  theproject  it  was  assumed  that  a  “  0*25  for  the 
purpose  of  raising  the  efficiency.  To  determine  bg  ve  substitute  Sq  3  0*3  and  the 
values  of  the  coefficients  in  formulas  (III*5)  and  (III.  10).  leellng  in  various  valu.e& 
b,  we  calculate  Gq^,  Oye  and  G  and  plot  graphs  (fig*5)  from  which  we  find  bG  3  4*3 
ran.  In  the  pump  under  question  b  3  10  mm,  which  led  to  a  reduction  in  efficiency  and 
to  an  increase  in  weight  of  construction. 
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